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ABSTRACT
The kinetics of chlorophyll fluorescence were measured in Por-
tulacaria afra (L.) Jacq. when the plants were functioning in either
Crassulacean acid metabolism (CAM) or C3/CAM cycling (called
cycling) modes, as determined by fluctuation in titratable acidity
and gas exchange properties. Cycling plants showed primarily
daytime CO2 uptake typical of C3 plants, but with a slight diurnal
acid fluctuation, whereas CAM plants showed nocturnal CO2 up-
take, daytime stomatal closure, and a large diurnal acid fluctuation.
Results from fluorescence measurements indicated no significant
differences in photochemical quenching between cycling and CAM
plants; however, sizable differences were detected in nonphoto-
chemical quenching (qN), with the largest differences being ob-
served during the middle of the day. Cycling plants had lower qN
than CAM plants, indicating altered photosynthetic regulation
processes. This qN difference was believed to be related to reduced
internal CO2 concentration in the CAM plants because of daytime
stomatal closure and reduced deacidification rates in the late
afternoon when most of the malic acid has been utilized. Experi-
mentally, higher external CO2 given to plants in the CAM mode
resulted in a decline in qN in comparison to that measured in plants
in the cycling mode. No changes were observed in photochemical
quenching when CO2 was added.
Many studies of CAM species have focused on the shift
from C3/CAM cycling (called cycling) to CAM photosynthesis
during various stresses (3, 8, 9, 17, 21, 23). These facultative
CAM plants change their metabolism from daytime CO2
uptake with little or no organic acid fluctuations (similar to
plants undergoing C3 photosynthesis) to nocturnal CO2 up-
take with daytime stomatal closure and a larger fluctuation
in the organic acid pool, typical of CAM (12, 13, 23).
Variable Chl fluorescence has been used in the past as a
noninvasive tool to study the CAM photosynthetic pathway.
The amount of variable fluorescence in Kalanchoe daigremon-
tiana, Ananas comosus, and Opuntia stricta changed from
morning to evening in concert with the deacidification of the
tissue (6, 16). Chl fluorescence with light scattering (a putative
measure of the H+ fluxes within the chloroplast) has been
used to study the day/night cycle of CAM in K. pinnata (15).
' This research was supported, in part, by National Science Foun-
dation grant DCB-8807860 (to IPT).
The Chl fluorescence transients correlated with increased
light scattering. On the other hand, the results of Buschmann
and Buchanan-Bollig (4) indicated that Chl fluorescence tran-
sients were dependent upon leaf structure, pigment compo-
sition, and the organization of the photosystems rather than
the CO2 fixation pathway. The question arises as to how well
control of the operation of photosynthesis by internal CO2
levels (7) can be measured by fluorescence techniques. The
levels of CO2 inside the leaf certainly change between these
two photosynthetic modes (5) and so should alter photosyn-
thesis and, concurrently, the fluorescence patterns (18).
A fluorescence technique has been developed that enables
the separation of qp and qN quenching of Chl fluorescence
(20). This technique uses a weak light beam to measure the
fluorescence yield and a high intensity actinic beam to drive
photosynthesis. The application of a second light pulse of
high intensity is used to overwhelm photochemical quench-
ing, thus permitting direct measurement of qN. This technique
was used here to monitor changes in qp and qN in Portulacaria
afra (L.) Jacq. (a facultative CAM plant) as it shifted from
cycling to the CAM mode of photosynthesis under water
stress (9, 13) and, in part, to show how intemal CO2 was
changing during the metabolic switch. The critical factor in
these experiments is that this shift was not accompanied by
any changes in pigment composition (11). The effect of
extemal CO2 levels on these same fluorescence measurements
was also examined.
MATERIALS AND METHODS
Plant Material
Portulacaria afra (L.) Jacq. plants were propagated by cut-
tings from a large shrub growing on the University of Cali-
fornia, Riverside, campus. The cuttings were rooted and
grown in 2-gallon pots containing loamy sand potting mix.
Plants in the cycling mode were watered three times per
week and fertilized bimonthly with half-strength Hoagland
solution (10). CAM was induced by withholding water during
the summer for 2 weeks prior to experimentation. All plants
were grown in a glasshouse with a mean high temperature
2Abbreviations: qp, photochemical quenching; qN, nonphotochem-
ical quenching; Fo, initial fluorescence (dark adapted); Fo', initial
fluorescence (light adapted); Fm, peak fluorescence (dark adapted);
Fm', peak fluorescence (light adapted).
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of 280C and a mean low of 180C under natural illumination
conditions (maximum photon flux density, 800 ,umol m-2 s-1)
during the summer months of June through August. All
leaves used were mature and fully expanded.
Titratable Acidity
Twelve to sixteen leaves were collected at various times
and frozen (-200C) until assayed (10). Leaf punches (0.24
cm2) obtained with a cork borer were ground in glass-distilled
water with a tissue grinder. Samples were then titrated with
0.01 N KOH to an endpoint of pH 7.0. Results are expressed
as seq cm-2 (± SE, n - 5).
Gas Exchange
The diurnal course of CO2 uptake and stomatal conduct-
ance was measured with the use of a dual isotope porometer,
as previously described (10), with five samples for each time
point. These unidirectional conductance measurements were
converted to transpiration and photosynthetic rates, also as
previously described (10).
Chi Fluorescence
Fluorescence was measured using the Hansatech Modu-
lated Fluorescence System (Decagon, Pullman, WA). This
system utilizes a continuous yellow low-intensity beam of
0.6 ,umol m-2 s-' to continuously monitor the fluorescence
yield. This light intensity produces no changes in the yield,
and so the yield thus induced is taken as Fo. A second beam
of nonmodulated light (white light of high intensity, 320
,umol m-2 s-') required to drive the photochemistry is added
to induce an increase in fluorescence yield (F). At 20-s
intervals, a third light beam is applied as a pulse (duration of
0.3 s) with saturating intensity (1530 ,umol m-2 s-'). The
application of this pulse allows for the measurement of the
flash-saturated fluorescence yield called the peak value of
fluorescence (light adapted, Fm') and, under certain condi-
tions, of maximum fluorescence (dark adapted, Fm) (see Fig.
2). Light intensity curves for these plants while in the C3
mode indicate that CO2 uptake was saturated between 1000
and 1200 Amol m-2 s-'.
The pulse measurements to determine the values of Fm'
and Fm were taken at the 10th pulse after which these values
were unchanging. This allowed for the determination of qp
and qN with the use of Equations 1 and 2, taken from Kooten
and Snel (14);
qp = [Fm' - F]/[Fm' - Fo'] (1)
qN = 1 - [Fm' - Fo]/[Fm - Fo] (2)
Leaves of P. afra in either the cycling or CAM mode were
harvested at 2-h intervals during the day and utilized im-
mediately for the fluorescence measurements (each experi-
mental sequence required about 6-8 min). Detached succu-
lent leaves of P. afra have previously been shown to have
photosynthetic rates similar to those of attached leaves (10);
thus, it was assumed detachment would have a minimal
effect on fluorescence. Experimental results supported this
assumption.
The standard statistical test of a two-way analysis of vari-
ance was applied to timed paired datum points, where appli-
cable, with a level of 5% or less being taken as significant.
CO2 Supplementation
To elevate the internal CO2 concentration, some leaves
harvested for the fluorescence kinetics were exposed to air
containing 1000 ppm CO2. The CO2 supplementation was
done in the afternoon during the transition from phase III to
phase IV of the CO2 diurnal uptake pattern (see ref. 16 for a
definition of CAM phases). These leaves were placed in a
polyethylene chamber with an air/CO2 mixture flowing
through water-saturated gauze for 5 min before the beginning
of the fluorescence measurement. In similar experiments, CO2
was blown directly onto the leaves placed in the fluorometer
during the fluorescence measurements. There were no differ-
ences noted in these two types of experiments.
RESULTS
Gas Exchange and Titratable Acidity
The kinetics of gas exchange for well-watered P. afra
showed a modified C3 pattern called CAM cycling or cycling
(21), which is marked by predominantly daytime gas ex-
change with a midday depression of CO2 uptake (Fig. 1A,
+H20). Nocturnal CO2 uptake was absent at the beginning
of the night period, but increased slightly during the last 6 h
of night. Titratable acidity showed a small diurnal fluctuation
of 17 to 20 ueq cm2, which is typical of P. afra (Fig. 1B,
+H20; also see ref. 13).
On the other hand, water-stressed P. afra plants showed a
typical CAM pattern (Fig. 1A, -H20) in which CO2 uptake
was highest at sunrise (0600 h) and dropped to near 0 by
0800 h. There was little CO2 uptake for the remainder of the
day. CO2 uptake became apparent at the beginning of the
night period, reaching a maximum by night's end. Titratable
acidity showed a large diurnal fluctuation of 40 ,ueq cm-2
(Fig. 1B). Diurnal acid fluctuations were occasionally smaller,
but they were always larger than those of the plants in the
cycling mode.
Fluorescence
The Chl fluorescence curves showed two distinct patterns
(Fig. 2). The measuring beam elicited a small signal (Fo),
which was the same for cycling and for CAM. The light-
driven change in fluorescence yield rose to a peak (Fm) in
about 1 to 2 s, and then decayed to a relatively low value,
slightly above Fo for both types of plants. The only obvious
difference in kinetics between cycling and CAM plants was
the appearance of a small, variable peak at about 2 min
(called 'M' phase in older nomenclature) for plants in the
cycling mode. A short light pulse increased the yield to a
maximum level (Fm'), which rapidly retumed to F after the
cessation of the pulse (within 0.5 s).
The kinetics of these pulses enable the calculation of diur-
nal patterns of qp and qN for P. afra in each metabolic mode.
A stable qp value was reached at 0800 h, 2 h after sunrise
(Fig. 3). The qp values for the well-watered plants (in the
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Figure 1. The metabolic parameters characteristic of the cycling
and the CAM modes for P. afra. The CO2 uptake rate and leaf
acidity were measured and calculated as described in "Materials
and Methods." A, CO2 uptake. A typical diurnal curve of carbon
uptake activity. B, Acidity present within the leaf. A typical diurnal
curve of titratable acidity. +H20, data from well-watered plants
showing cycling; -H20, data from water-stressed plants showing
CAM. Error bars represent 1 SE (n = 6).
cycling mode) were usually slightly lower than those of the
plants in the CAM mode; however, the difference between
the qN curves was very small and only slightly above the 5%
level statistically.
The largest differences were observed in qN values. In both
cycling and CAM, the qN values were highest early in the
moming, but dropped over the course of the day, rising
slightly at sunset, especially for the well-watered plants.
Plants in the CAM mode showed qN values that were typi-
cally slightly higher than those of the plants in the cycling
mode during the morning hours (0800-1200 h) and signifi-
cantly higher in the mid-afternoon hours (1600-1800 h).
In the above experiments, leaves were collected in the
greenhouse at the indicated time and transported back to the
laboratory for the fluorescence measurements (requiring
about 5 min); it was thought that dark adaptation of leaves
would give a more reproducible signal. Yet, under these
circumstances, it seemed that the transportation and dark
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Figure 2. Typical modulated fluorescence signals from P. afra leaves
in CAM induced by water-stress (A) and cycling (B) modes. Arrows
denote onset of modulated light (wavy line), or high intensity actinic
light (straight line); upward is light on, downward is light off. The
spike of fluorescence yield is caused by a second actinic light given
as a pulse (see "Materials and Methods"). Values of Fo, Fo', Fm, Fm',
and F used in Equations 1 and 2 are indicated on curve A.
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Figure 3. Levels of fluorescence quenching mechanisms in dark-
adapted P. afra. The plants were shifted to either cycling (well-
watered, solid line; 0, 0) or to CAM (drought-stressed, dotted lines;
A, A). The experiments were conducted in the dark. The levels of
qp (closed symbols) and qN (open symbols) were measured as
described in "Materials and Methods." The data were taken after a
dark period of greater than 5 min. Results of four experiments.
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adaptation were introducing more variation into the
measurements.
Indeed, the qN difference between CAM and cycling plants
noted above became larger with the elimination of a dark
adaptation time (Fig. 4). The fluorometer was moved to the
greenhouse and the fluorescence from leaves was measured
immediately (within 1 min). During midday, the difference
observed in qN between well-watered and water-stressed
plants was then accentuated. From 1000 to 1200 h, there was
a larger difference in qN values. Also, the small difference in
qp values apparently reversed; the qp is lower in CAM plants
when measurements were taken on leaves that had not been
dark adapted.
CO2 Supplementation
One source for the difference in qN values between cycling
and CAM plants may be in a difference in internal CO2 levels
in the two modes (5, 18). To test this idea, the CO2 level of
the atmosphere around plants in both modes of metabolism
was increased from 330 to 1000 ,uL L-1. This supplementation
was carried out in the aftemoon, when the plants showed
the maximum difference in qN. As seen in Table I, this
addition of CO2 to plants in the CAM mode significantly
lowered the qN value so that the new level was closer to that
of well-watered plants. Thus, CO2 seems to be an important
factor influencing the qN level, and these data suggested that
the CO2 within these CAM plants was limiting to photosyn-
thesis. In contrast, the higher levels of CO2 supplied to well-
watered plants induced no apparent trend.
DISCUSSION
Gas exchanges observed in these experiments were typical
for either the cycling or the CAM modes in P. afra (9, 12).
The cycling plants showed a pattern of gas exchange termed
CAM cycling by Ting (21), with daytime gas exchange and
1.0
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0.2
600 800 1000 1200
Time of Day
1400 1600 1800
Figure 4. Levels of fluorescence quenching in P. afra plant leaves
immediately after light exposure. The data were collected and
presented as in Figure 3, except that the leaves were held in room
light for less than 1 min after removal from daylight. Results of two
experiments.
Table I. Change in qN after C02 Supplementation in P. afra
Undergoing CAM
Treatment Decline (% Changea)
Dark adapted (5 min) +9.0 (60)b
No dark adaptation + 1 9.5 (8.9)c
a Change in qN is defined as ([qN prior - qN after CO2 supple-
mentation]/qN prior). Values are means ± SE. b Change in qN not
significantly different from 0 at P < 0.05 (P = .075, n =
19). c Change in qN significantly different from 0 at P < 0.05 (n
= 8).
low diurnal acid fluctuations resulting primarily from the
recycling of nocturnal respiratory CO2. The P. afra in the
CAM mode showed a much higher daily acid fluctuation,
daytime closure and nocturnal opening of stomata, and noc-
turnal CO2 uptake typical of CAM plants (13).
The pulsed-light fluorescence technique enables partition-
ing of fluorescence into qp and qN (14, 20). qp is due to the
reduction of Q, the primary electron acceptor of PSII (2, 20).
qN is thought to be due, in part, to a transthylakoid pH
gradient (2, 20). High rates of CO2 fixation, due to a high
intemal CO2 level, would result in faster utilization of ATP
and NADPH and a decrease in the transthylakoid pH gra-
dient; the combined effect of these processes upon the fluo-
rescence would be a lowering of qN and, possibly, a slight
increase in qp (19, 22). On the other hand, a lower concen-
tration of internal CO2 would slow CO2 fixation and thus
give rise to a high level of qN and, possibly, to a low level of
qp. The exact relations depend upon how close the CO2 level
is to saturating the critical enzymes.
Our results indicated little difference in qp between cycling
and CAM P. afra, yet the changes are consistent with the
above for plants that have not been dark adapted (Fig. 4).
The small differences in qp cannot be explained by changes
in Chl content because Chl remains constant between cycling
and CAM when the latter is induced by short-term water
deprivation in P. afra (11).
The largest fluorescence difference between cycling and
CAM was observed in qN and appears to be related to the
CO2 fixation pathway. CAM plants had a higher qN through-
out the day. The differences in qN between cycling and CAM
plants were smaller in the early morning, possibly reflecting
the high deacidification rates in P. afra undergoing CAM and,
thus, higher levels of internal CO2 (5). Deacidification rates
between 0800 and 1200 h can reach from 8 to 12 '4mol m-2
s-1, similar to exogenous CO2 uptake rates in cycling P. afra
(12). In the early morning and late afternoon, qN values
in both cycling and CAM P. afra rose, which indicated that
rates of CO2 fixation were lower due to limitations in light
intensity.
The largest difference in qN between cycling and CAM was
observed during the middle of the day. These results correlate
with the changes in light scattering found in K pinnata, where
the decline in scattering (correlating with higher consumption
of ATP) during the middle of the day was smaller than that
measured at the beginning or end of the light period (15).
However, we believe that this difference in qN is related to
differences in CO2 fixation and, in the main, to differences
--- - Water-stressed, CAM
Well-watered, cyclingqp
0)
cC)
C
a
0.)0C
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in internal CO2 level. Cycling plants have two sources of CO2
during the middle of the day, atmospheric CO2 and malic
acid decarboxylation. A lower qN in the cycling plants, com-
pared to that of CAM plants, is consistent with the notion
that an increased supply of CO2 within the leaf leads to faster
CO2 fixation. In CAM plants, higher qN was probably related
to stomatal closure, which restricted the supply of exogenous
CO2, coupled with the declining deacidification rate due to a
depletion of malic acid within the cell.
CO2 depletion can close stomata, but there can be more
than one signal involved. It is known that ABA from roots
(24) can make stomata more sensitive to Ca2 , which influ-
ences stomatal conductance (1). Thus, the closure of stomata
in CAM plants could be due to a combination of signals and
not just to CO2. As the intemal CO2 level drops during the
day through depletion of the acidity and its associate CO2
production, qN declines. In CAM, neither CO2 nor qN declines
as low as for cycling plants. There, qN is very low because
internal CO2 is lower than ambient concentrations during
active photosynthesis.
We tested this idea by supplementing CO2 to CAM leaf
tissue in the afternoon, when qN differences were observed
to be the greatest. Higher external CO2 shifted the value of
qN to a more cycling-like value, i.e. lowered it. Yet it was
difficult to obtain significant results if a dark adaptation time
was allowed; this may reflect either a deactivation of CO2
fixation or a reversal of photoinhibition. However, data taken
without dark adaptation also supported the above concept of
limiting internal CO2 within CAM plants.
Our results may explain differences observed in simple
fluorescence kinetics in the cycling mode and for the CAM
mode in Sedum spectabile (4) and in K daigremontiana (6).
Also, the induction kinetics in the CAM plant Ananas comosus
demonstrating only Q reduction showed no correlation with
the CAM pathway (6). Our results, likewise, indicated little
or no difference in photochemical quenching, nor in induc-
tion kinetics. All of these results indicate that in experiments
in which only photochemical quenching is observed, it is
found not to correlate well with internal CO2 levels or with
CAM metabolism.
The pulsed fluorescence technique can provide information
on the difference in the energy status between cycling and
CAM P. afra plants that a simple variable fluorescence tech-
nique does not readily detect. The pulse fluorescence tech-
nique is relatively easy to use and should become a useful
research tool with which to study the energetic relationships
in photosynthetic carbon metabolism.
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